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Abstract The results reported in this paper pertain to the
simulation of high speed hard turning when using the finite
element method. In recent years high speed hard turning
has emerged as a very advantageous machining process for
cutting hardened steels. Among the advantages of this
modern turning operation are final product quality, reduced
machining time, lower cost and environmentally friendly
characteristics. For the finite element modelling a commer-
cial programme, namely the Third Wave Systems Advant-
Edge, was used. This programme is specially designed for
simulating cutting operations, offering to the user many
designing and analysis tools. In the present analysis
orthogonal cutting models are proposed, taking several
processing parameters into account; the models are validat-
ed with experimental results from the relevant literature and
discussed. Additionally, oblique cutting models of high
speed hard turning are constructed and discussed. From the
reported results useful conclusions may be drawn and it can
be stated that the proposed models can be used for
industrial application.
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1 Introduction

Hard turning, a machining operation used for the process-
ing of hard materials such as hardened steels, has been
brought into the forefront of modern metal cutting
operations with the increasing demand for manufacturing
high quality components, e.g., gears, shafts, bearings, dies
and tools, from these kinds of materials. Cutting tools
employed in hard turning are made of specialized tool
materials, such as cubic boron nitrite (CBN), that are able to
overcome the problems experienced during the process [1].
These cutting tools are ideal for machining iron-based
materials at the severe cutting conditions associated with
hard turning; they possess exquisite properties, even at
elevated temperatures, allowing for their application at high
cutting speeds and without the use of any cutting fluids [2];
by dry cutting not only environmentally-friendly character-
istics are attributed to the process, but also cost reduction
can be attained by omitting buying and disposal costs of the
cutting fluids [3–5]. In addition the combination of hard
turning and high speed machining is proved to be very
advantageous since a great reduction in processing time can
be achieved [1].

Hard turning is very advantageous for a wide spectrum
of applications and is also considered as an alternative for a
variety of processes, since the single-step superfinish hard
turning can replace the abrasive processes, traditionally
used as finishing operations, or non-traditional processes,
such as electrical discharge machining (EDM), in machin-
ing hard parts, offering accuracy equal to or better than that
provided so far, flexibility and considerable machining time
and cost reduction [4–7].

Note, however, that hard turning has not been introduced
into modern industry as much as it should be, mainly
because of phenomena such as rapid tool wear or cracking
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and chipping of the cutting edge due to extreme pressure
and temperature imposed on the cutting tool, which lead to
poor machining results [8]. Furthermore, as a novel
machining process, it needs to be further studied so that it
may be optimized. Most research work is limited to
experimental results, but, also, the modelling of hard
turning can provide useful data to better understanding the
process. Numerical modelling and, especially, the finite
element method (FEM) have been widely used in the past
for the analysis and the prediction of the cutting perfor-
mance in machining operations. FEM has been a very
powerful tool in the cutting technology and can be applied
to high speed hard turning as well.

In the present paper FEM is employed in order to
simulate dry high speed hard turning, investigating the
influence of the cutting speed on the performance of the
cutting operation and predicting the crucial processing
parameters, some of them being sometimes very difficult
to be measured or calculated otherwise, e.g., temperature
fields within the workpiece and the tool during the process.
However, hard turning is a rather complex process, with
cutting conditions that are different from conventional
turning and, therefore it is desirable to take into account
some special characteristics; for this purpose, the FEM
programme Third Wave AdvantEdge, which is specially
designed to simulate cutting operations, is used. For the
simulation of hard turning both an orthogonal and an
oblique cutting model are proposed.

2 Finite element modelling

Simulations of various machining operations using the
finite element method have been reported over the last three
decades; in References [9, 10] a collection of such papers
can be found. The first models that appeared in the 1970s
used the Eulerian formulation for modelling orthogonal
cutting. In this approach the finite element mesh is spatially
fixed and the material flows through it, in order to simulate
the chip formation. The computational time in such models
is reduced, due to the few elements required for modelling
the workpiece and the chip, and it is mainly used for
simulating the steady state condition of the cutting process.
The elements do not undergo severe distortion, since the
mesh is a priori known, but this formulation requires
complex programming. Furthermore, experimental data
must be on hand prior to the construction of the model in
order to determine the chip geometry.

Although this formulation is still utilized by some
researchers, the updated Lagrangian formulation has been
proposed and is more widely used today. In this approach,
the elements are attached to the material and the unde-
formed tool is advanced towards the workpiece. For the

formation of the chip, a chip separation criterion in front of
the tool edge is applied. There are many criteria proposed
so far which can be geometric or physical and may involve
for example a critical distance between the tool and the
workpiece; when the tool reaches this critical distance from
the workpiece the elements ahead of the tool edge are divided
and thus the chip is formed. Other separation criteria pertain to
critical values of e.g., stress or strain in order to initiate the
chip formation and even crack propagation criteria have been
reported for this procedure. A disadvantage of this method is
connected to the large mesh deformation observed during the
simulation; due to the attachment of the mesh on the work-
piece material, the mesh is distorted because of the plastic
deformation in the cutting zone. In order to overcome this
disadvantage continuous remeshing and adaptive meshing are
usually applied, increasing considerably the required calcula-
tion time. Nevertheless, the advances in computers have made
it possible to reduce the time needed for such an analysis to
acceptable levels. Note that an arbitrary Lagrangian-Eulerian
formulation (ALE) has also been proposed with the aim of
combining the advantages of the two methods, but it is not as
widely used.

Most of the modelling work published so far pertains to
2D models of orthogonal cutting, while 3D models are rather
rare in the relevant literature. That is mainly because, even
though 3D cutting is more realistic, since cutting is 3D in
nature, it requires a much more complex consideration of
workpiece and cutting tool geometry, contact properties and,
of course additional computational time. In particular, the
work dedicated to hard turning is even more limited [11–15].

The models provided below are developed employing
the Third Wave AdvantEdge software, which integrates
special features appropriate for machining simulation. The
programme menus are designed in such a way that they
allow the user to minimize the model preparation time.
Furthermore, it includes a wide database of workpiece and
tool materials commonly used in cutting operations, offering
all the required data for effective material modelling. The
AdvantEdge code is a Lagrangian, explicit, dynamic code,
which can perform coupled thermo-mechanical transient
analysis. The program applies adaptive meshing and

Fig. 1 Orthogonal cutting model schematic diagram
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continuous remeshing for chip and workpiece, allowing for
accurate results. For an analytical discussion on the
numerical techniques used in the programme and a compre-
hensive presentation of its functions see Reference [16].

3 Results and discussion

3.1 Orthogonal cutting models

The orthogonal cutting schematic diagram used in the
programme is shown in Fig. 1. The depth of cut is perpen-
dicular to the plane shown in the figure and in the plane
strain case, it is considered to be large in comparison to the
feed.

In the present analysis the workpiece material is the AISI
H-13 hot work tool steel and its length is taken equal to l=
3 mm. The tool material is CBN and the modelling of tool-
chip interface friction is based on Coulomb’s friction law,
with friction coefficient set constant at the value μ=0.5. A
cutting tool, with −5° rake angle, 5° clearance angle and
0.02 mm cutting edge radius, is used for the analysis.
Furthermore, the feed is taken equal to f=0.05 mm/rev,
while three different cutting speeds, namely vc=200, 250
and 300 m/min, are considered. In Fig. 2(a) and (b) the
initial mesh and a typical mesh created after the tool has cut
half of the workpiece length (l=1.5 mm for time t=3×
10−4 s), for vc=300 m/min respectively, are shown. In this
figure, the continuous meshing and the adaptive remeshing
procedures can be observed. Note, that, in Fig. 2(a) the
mesh is denser near the tool tip, where deformation is about
to take place, while in Fig. 2(b) new elements are created in
the shear zone where the strain rate is expected to be high.
Note, also, that the mesh density in the chip, especially in
its inner and outer surfaces, is also high because of the
deformation of the material in this area; finer mesh can
follow the curve of the curling material more closely and,
furthermore, provide more accurate results.

For the validation of the proposed hard turning model
experimental results from the relevant literature are used,
where the high speed turning of hard steel tubes (55 HRC),
in order to achieve orthogonal cutting conditions, is
performed [17]. In Fig. 3 the experimental values of the
thrust force Ft and the cutting force Fc are compared to the
ones predicted from the models. From this figure it can be
seen that the experimental and the numerical results are in a
very good agreement and, generally, they follow the same
trends; thrust force, which is the largest force component,
decreases for increasing cutting speed, while cutting force
increases slightly. Nevertheless, in almost all the cases, theFig. 2 (a) Initial mesh and (b) mesh at l=1.5 mm

Fig. 3 Numerical and experimental results of thrust and cutting forces
for three different cutting speeds
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numerical values seem to overestimate the experimental
ones while the discrepancies are larger for higher cutting
speeds; this may be attributed to the large strain-rates
developed during the process that alters the material
behaviour in such a way that they cannot be taken into
account by the model or to inadequate friction modelling,
which means that a more advanced friction theory needs to
be modelled.

Note, also, that it is possible, besides the cutting and
thrust forces, to extract from the proposed model predic-
tions for values that it would be very laborious or even
impossible to obtain otherwise. Examples of such cases are:
the temperature distribution in the workpiece and tool in the
form of isothermal bands and the von Mises stresses

developed during cutting. In Fig. 4(a) and (b) the
temperature fields and the von Mises stresses, respectively,
for cutting with vc=300 m/min, are shown. These figures
demonstrate the model at a step of the analysis, specifically
for length of cut l=1.5 mm, where cutting is well into the
steady-state region.

The form of the results is similar for all conditions, except
of course the magnitude. From the results obtained, it may be
concluded that the maximum temperature increases with
increasing cutting speed, being 620°C, 690°C and 730°C for
the three different cutting speeds considered. This may
explain that the thrust force decreases for higher cutting
speed, since softening of the material for higher temperature
takes place. The regions that are mostly thermally loaded are
the chip and the rake face of the tool, in the chip-tool
interface close to tool tip, due to the plastic deformation of
the chip and the frictional forces; the part of the chip that is
curled away from the rake face is progressively cooled down.
The stress has an almost constant value along the centre of
the shear zone, while near the tool tip it has lower values; this
can be explained due to the temperature rise of this area
which softens the material.

The knowledge of the maximum temperature and of the
distribution of the temperature fields in the rake face of the
tool is of great interest because high temperatures in CBN
tools are connected to wear mechanisms that reduce the tool
life. With the numerical results provided by the model it is
possible to minimize unwanted effects and to choose
suitable cutting conditions in order to optimize the process.

Another option of the proposed orthogonal cutting
model is to simulate the burr formation developed when
the cutting tool exerts the full length of the workpiece; this
can be achieved when the analysis is appropriately
extended, so that the cutting path of the tool is longer than

Fig. 4 (a) Temperature distribution and (b) von Mises stresses in the
workpiece, the chip and the cutting tool

Fig. 5 Burr formation and plastic strain of the workpiece and the chip
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the workpiece length. In Fig. 5 the burr formation in the
workpiece and the plastic strain of the workpiece and the
chip, for vc=300 m/min, can be seen.

3.2 Oblique cutting models

The 2D models presented so far are more popular in the
modelling of cutting operations since they are relatively
simple and they can offer acceptable accuracy. Neverthe-
less, orthogonal machining is an ideal representation of
cutting, where the chip deforms in a plane; in reality, chip
deformation in turning takes place in all the three
dimensions. The 3D models proposed so far in the literature
are different from the classical oblique cutting model
approach [14, 15]. However, it is this approach that will
be presented in this work since much experience has
already been accumulated from its application to similar
problems, adequately handling 3D modelling with the finite
element method. For the simulation the same software, as
previously, is used. Furthermore, all the parameters of the
workpiece and the cutting tool, as well as the cutting
conditions are the same as in the models of the previous
paragraph, for cutting speed vc=300 m/min. Additionally, a
back rake angle of 20o is given to the tool.

The proposed oblique cutting model for dry high speed
hard turning can provide, as in the case of 2D modelling,
much useful data. In Fig. 6 the temperature fields in the
workpiece, the chip and the tool can be observed. In the same
figure, the position of the cutting tool, relative to the
workpiece, can also be seen, explaining the form of the chip
created. The curling of the chip can be better observed in
Fig. 7, where a rear view of the workpiece in the same time
step can be seen. Additionally, in the same figure, the
cutting tool is omitted so that the temperatures at the
location where cutting takes place can be observed.

Note that in these models more elements than the 2D
models described so far are required, with computational
time being approximately 10 times more; the computational
time required for a 3D model on a moderate PC is over 100
hours. Even though 3D models provide more information
being more realistic, they present this drawback that makes
them less practical than 2D models.

4 Conclusions

Summarizing the results reported above, one may conclude
that hard turning is considered to be a new machining
process that has many advantages in comparison to other
processes in the machining of hardened steels. Especially,
when hard turning is performed at high speeds, it is even
more advantageous, offering reduced machining time and
cost characteristics.

The finite element method has been extensively used for
modelling machining operations in the past. This method is
also used in the present paper and the commercial FEM
programme Third Wave AdvantEdge programme is
employed. With the aid of this specialised software,
simulation of 2D orthogonal cutting and 3D oblique cutting
models are provided.

The orthogonal cutting models provide results such as
cutting and thrust forces which were compared to experi-
mental results from the relevant literature. However, other
results such as the workpiece and tool temperatures, stress
and strain can be predicted; these results would be very
laborious and time consuming to be obtained otherwise.
The latter results can be used for the theoretical study of the
process as well as to be connected with certain phenomena
appearing in this kind of machining such as tool wear
which in turn affects workpiece surface integrity. Addition-

Fig. 6 Temperatures predicted by the oblique cutting model for hard
turning

Fig. 7 Rear view of the model
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ally, the burr formation in orthogonal cutting was modelled
and presented.

The 3D oblique cutting models represent a situation
were the chip deforms not in plane as in the ideal case of
orthogonal cutting but in all three dimensions; a more
realistic approach is, thus, provided. The proposed oblique
cutting models are in a position of providing the same data
as the 2D models, but also some additional information,
e.g., for the 3D formation of the chip. Nevertheless, these
models are more complicated and require the use of much
more elements increasing this way the effort and the
computational time required for the analysis.

From the analysis it can be concluded that the proposed
models are practical, since only a minimum amount of
experimental work is needed, and produce reliable results,
allowing for industrial use in pursue of optimal production.
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